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oElectrical access to critical coupling of circularly
polarized waves in graphene chiral metamaterials
Teun-Teun Kim,1,2,3* Sang Soon Oh,4* Hyeon-Don Kim,5* Hyun Sung Park,5 Ortwin Hess,4†
Bumki Min,5† Shuang Zhang1†
Active control of polarization states of electromagnetic waves is highly desirable because of its diverse applications
in information processing, telecommunications, and spectroscopy. However, despite the recent advances using
artificial materials, most active polarization control schemes require optical stimuli necessitating complex optical
setups. We experimentally demonstrate an alternative—direct electrical tuning of the polarization state of terahertz
waves. Combining a chiral metamaterial with a gated single-layer sheet of graphene, we show that transmission of a
terahertz wave with one circular polarization can be electrically controlled without affecting that of the other circular
polarization, leading to large-intensity modulation depths (>99%) with a low gate voltage. This effective control of
polarization is made possible by the full accessibility of three coupling regimes, that is, underdamped, critically
damped, and overdamped regimes by electrical control of the graphene properties.w
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 INTRODUCTION
Controlling circular polarization states is important inmodern photonics
because it plays a pivotal role in the field of quantum computation and
information (1, 2), optical communication of spin information (3), and
circular dichroism (CD) spectroscopy (4, 5). Natural chiral materials
composed of elements without any mirror symmetry have been widely
used to manipulate the circular polarization states of light since the
discovery of optical activity (OA) in a quartz crystal (6–8). However,
naturally occurring chirality in the form of CD and OA is extremely
weak, requiring a substantially long propagation length to observe
chirality in naturally chiral media (9). Artificial structures called “chiral
metamaterials” composed of subwavelength metallic building blocks
have been proposed for enhancing CD (10–13) and OA (14–18),
enabling various potential applications, such as broadband circular
polarizers (19, 20) and wave plates (21–23).
In the terahertz (THz) regime, control over CD and OA is of great
importance because macromolecules with ionic or polar constituents
strongly absorb THzwaves because of the presence of large-scale col-
lective vibrational modes (24, 25), and biopolymers, such as proteins,
DNA, and RNA, composed of chiral structures selectively absorb cir-
cularly polarized THz waves (26–28). Despite this importance of chi-
rality at THz frequencies, active control of CD and OA has continued
to remain challenging,mainly due to technical difficulties inmanipulating
THz waves and their polarization states. During the past few years,
optical tuning of the CD andOA of chiral metamaterials has been dem-
onstrated (29–31), which, however, requires elaborate experimental
setups, such as pump lasers and appropriate optical components. For
practical applications, an electrical approach for active control of the
polarization state would be more attractive. Graphene, consisting of
carbon atoms two-dimensionally arranged in a honeycomb lattice,
has been studied extensively for the past decade because of its highcarrier mobility and unique band structure with linear dispersion near
the so-called Dirac point or charge-neutral point (CNP). Strong mod-
ulation of its THz properties can be achieved by electrically tuning the
density of states available for intraband transitions. Efforts have been
made to enhance graphene absorption in the THz regime by integrating
graphene with metamaterials (32–38). Although a large number of
works on graphene-basedmetamaterials have been reported, polarization
modulation by simple electric gating remains largely unexplored.
Here, we demonstrate gate-controlled CD andOA in gated graphene
integrated in a chiralmetamaterial. As shown in Fig. 1A, the transmission
of a right-handed circularly polarized (RCP) THz wave can be strongly
modulated when a voltage is applied to the gate because of a critical
transition followed by a change in the optical conductivity of graphene.
On the other hand, the transmission of the other circular polarization
remains very insensitive to the applied voltage. This selective control
can be explained by the different radiation loss parameters of the chiral
metamaterial for the two circular polarizations, leading to different trans-
mission changeswith applied gate voltagewhen graphene is incorporated
into the metamaterial design. Furthermore, it is shown that the plane of
linearly polarized waves can be electrically rotated while the linear polar-
ization state maintains its linearity.RESULTS
To effectively control the polarization states of THz waves, we use a
conjugateddoubleZmetamaterial (CDZM), abilayer chiralmetamaterial
structure that ismorphologically transformed from a conventional con-
jugated gammadion shape (18), as shown in Fig. 1 (B and C). As shown
in more detail later, in this metamaterial, the radiation loss for an RCP
wave strongly depends on the gate voltage, in contrast to a small change
in the radiation loss for a left-handed circularly polarized (LCP) wave.
This feature is very useful for selective control of the response of the
metamaterial for the two different circular polarizations. A graphene
layer is directly attached to the top layer of the CDZMusing awet trans-
fer method (39). Raman spectroscopy is performed to confirm the
monolayer characteristics of transferred graphene when averaged over
the overall area of the wafer (see fig. S1). During the synthesis and fab-
rication processes, chemical vapor deposition (CVD)–grown graphene
easily becomes p-doped (40), which is also the case for our graphene
samples. To control the conductivity of graphene via the gate voltage,1 of 7
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 we used an ion gel gate dielectric along with adequate electrodes for a
large change in carrier concentration (Fig. 1C) (for details on the fabri-
cation of the device, see Materials and Methods).
The fabricated grapheneCDZMstructures are characterized by THz
time-domain spectroscopy (THz-TDS) (32). The transmission co-
efficients for the circularly polarized lights are obtained through linear
polarization measurements with wire grid polarizers (see Materials and
Methods). A voltage supply is connected to the electrode and the
graphene layer to apply a gate voltage (Fig. 1D). Figure 2A shows the
measured intensity transmission spectra for the RCP and LCP THz
waves, TRCP and TLCP, through the graphene CDZM at four different
gate voltages. For comparison, the intensity transmission spectra of a
bare reference CDZM array are plotted in a black sold line (the trans-
mission amplitude of the bare CDZM is about 20% for the RCPwave at
the resonance frequency of 1.1 THz). The gate voltage relative to CNP
DV = |Vg − VCNP| determines the doping level of graphene. It is shown
that TRCP can be markedly reduced by increasing the applied voltage
(DV < 1.8 V) but almost leaves TLCP unchanged at the resonance fre-
quency of 1.1 THz (Fig. 2B). However, further increasing the gate volt-
age beyond a critical voltage (DV > 1.8 V) leads to an increase in TRCP.
The maximum intensity modulation depth for the RCP wave, defined
as a relative transmission of RCP change DTRCP/TRCP,CNP for graphene
CDZM, is measured to be 99% at the resonance frequency of 1.1 THz.
To clarify the mechanism of electrical control of one circular polar-
ization observed in the experiments, we perform numerical simulations
using both a FEM (finite element method) solver (CST MicrowaveKim et al., Sci. Adv. 2017;3 : e1701377 29 September 2017Studio) and the FDTD (finite-difference time-domain)method (Lumerical
FDTD Solutions). To numerically model the graphene layer in the sim-
ulations, we calculated the optical conductivity of graphene as a
function of the Fermi levels using the Kubo formula (see Materials
and Methods for more details) (41). For a better understanding of the
gate-dependent modulation characteristics, measured TRCP at the
resonance frequency of 1.1 THz are plotted as a function of DV and
compared with the simulation results. As clearly seen from the plot in
Fig. 2 (B and C), the simulation results show an agreement with the
measured data, where the Fermi level is related to the gate voltage by
|EF| = ℏvF(pN)
1/2. Here, vF is the Fermi velocity, N is the total carrier
density given by N ¼ ðn20 þ a2 DVj j2Þ1=2, and a ≈ 8.0 × 1011 cm−2V−1
is the gate capacitanceof the iongel dielectric. For the intraband scattering
time, we assume that t = 31 fs and the value of the carrier density at the
conductivityminimum is n0 = 5.4 × 10
10 cm2. Relative changes in CD,
D = |TRCP − TLCP|, are plotted in Fig. 3 as a function of the gate voltage
fromDV= 0.0V toDV= 4.8V.We experimentally achieve a very large
modulation of CD of up to 45 dB (DV = 1.8 V) at 1.1 THz (Fig. 3B).
Besides CD, OA can be electrically controlled via the gate voltage.
With chiral media, pure optical rotation of a linear polarized wave with
no ellipticity can be obtained at off-resonance frequencies (18, 44). The
measured and simulated ellipticity h, defined as h =1 2= sin
−1 [(|TRCP|
2 −
|TLCP|
2)/(|TRCP|
2 + |TLCP|
2)], is plotted as a functionofDV and frequency
(Fig. 4A). At around 1.42 THz (purple dashed line), the transmission of
the RCP and LCPwaves are nearly identical (Fig. 2B), which implies that
the ellipticity is very small (h≈ 0). The ellipticity of the transmittedwaves o
n
 February 20, 2019
ances.sciencem
ag.org/DB
A
Ion gel
Graphene Polyimide
s
50 μm
g
l
w
LCP
RCP
Ion gel
G
B
Vg
C
Fig. 1. Schematic views and device image of gate-controlled active graphene CDZM. (A) CD and OA in graphene CDZM. CD: Transmissions for RCP and LCP waves
are different to each other because of the different absorption between RCP and LCP waves (left). OA: The electric field vector of linearly polarized light rotates around
the axis parallel to its propagation direction while passing the graphene CDZM (right). (B) Schematic rendering of a gate-controlled active graphene CDZM composed
of a single-layer graphene deposited on the top layer of CDZM and subsequently covered by a layer of ion gel [thickness (t) = 20 mm]. The geometry parameters are
given as l = 100 mm, w = 7 mm, and s = 10 mm. (C) Top-view microscopy image of the fabricated gate-controlled active graphene CDZM. The gap width between chiral
metamolecules is given as g = 2 mm. (D) Schematic rendering of the fabricated graphene CDZM. B is a base connected to the ion gel, and G is a gate connected to the
graphene layer.2 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L Eis less than 0.7° (2.1° in the experimental results) across the whole applied
voltages at the frequency fh≈0. The OA is characterized by the azimuthal
rotation angle q =1 2= [arg(TRCP) − arg(TLCP)], as schematically illustrated
in the inset of Fig. 4C. Figure 4B shows the measured and simulated az-
imuthal rotation angle q through the graphene CDZM at three different
gate voltages. We measured the azimuthal rotation angle q to be as large
as 40° at fh≈0 = 1.42 THz in the case of DV = 0.0 V. This experimental
result shows that the rotation angle per wavelength reaches values in
greater than of 274°/l. Here, the thickness of the sample is 31 mm. AsKim et al., Sci. Adv. 2017;3 : e1701377 29 September 2017shown in Fig. 4C, the rotation angle of the graphene CDZM can be
tuned from 40° to 30° as the gate voltage increases from DV = 0.0 V
to DV = 4.8 V, which means that the rotation modulation angle per
wavelength reaches 72°/l.DISCUSSION
To explain the largemodulation of CD, we use temporal coupled-mode
theory (CMT) involving two resonantmodes with two ports (42, 43). In o
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 our CMT model, as shown in Fig. 5A, the couplings between the two
resonance modes ( f1 and f2) and the incident/transmitted RCP waves
are considered (see note S1). We note that the CMTmodel can be ap-
plied to RCP and LCP waves independently because there is no cross-
coupling between them due to the C4 rotational symmetry of the
structure. To quantitatively understand the coupling mechanism, we
derive an analytical expression of transmission coefficients by taking
account of the two resonances. Because there are three coupling chan-
nels between the incident and transmitted waves, that is, two via the
resonance modes and one direct coupling, the complex transmission
amplitude coefficient for RCP can be written as
tRCP ¼ t0 þ G1re
if1
ið f  f1Þ  G1r  G1i þ
G1reif2
ið f  f2Þ  G2r  G2i ð1Þ
where G1r, G2r, G1i, and G2i are the radiation and intrinsic losses of the
two resonances, respectively, f1 and f2 are the resonance frequencies, and
f1 and f2 are the phase differences between the incident and transmitted
waves mediated by the first and second resonances (35). Figure 5B
shows that there is a clear transition in the phase of the RCP transmis-
sion coefficient atDV= 1.8V. This abrupt transition suggests a presence
of a critical coupling state that divides the excitation of the resonance
modes into underdamped (DV < 1.8 V) and overdamped (DV > 1.8 V)
regimes. In contrast to the reflective-type metasurface, which shows aKim et al., Sci. Adv. 2017;3 : e1701377 29 September 2017critical transition in the phase of the reflected beam (35), our chiral
metamaterial shows a critical transition for transmitted beams.
The transmission coefficients, fitted using Eq. 1, are plotted together
with simulated transmission coefficients in the complex plane in Fig. 5
(C toE).This clearly shows that the transmission through themetamaterial
can be classified as three different regimes around the critical coupling
(DV = 1.8 V), where the Smith curve crosses the origin in the complex
plane. In this fitting, the coupling coefficient (the loss parameters of
the resonators), G1r, G2r, G1i, and G2i provide important information
on the couplingmechanism. For the RCP excitation, as shown in Fig. 5F,
the radiation losses (G1r and G2r) decrease as the gate voltage (DV) in-
creases, implying that the resonance modes have a weaker coupling to
free-space radiation. The curvature radius of the curve in the complex
plane, determined by radiation losses G1r and G2r (see note S1 and
table S1), decreases as the gate voltage increases, resulting in a limited
phase angle range. On the other hand, for LCP excitation (Fig. 5G), the
radiation loss for the second resonance (G2r) increases as the gate volt-
age increases, leading to no critical transition. In both RCP and LCP
excitations, the intrinsic losses increase as the gate voltage increases
due to the increased optical conductivity of the graphene (see fig. S2).
The demonstrated active control of OA is associated with the phase
change of two circularly polarized beams while transmitting the CDZM
because the rotation angle is given as the phase difference. As can be
expected by the Bohn-Kuhn model for a chiral medium (45), the OA
becomesmaximum at slightly off-resonance frequencies, where the CD o
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of loss parameters that controls the phase change by modifying the res-
onances. This is similar to the electrical control of the phase of linearly
polarized light using a gate voltage in a metallic grating structure with
graphene (46, 47). However, in this work, we change the phase of one
circularly polarized light (LCP in our case) at an off-resonance frequency
(1.42 THz) with a gate voltage to avoid significant losses at the resonanceKim et al., Sci. Adv. 2017;3 : e1701377 29 September 2017frequencies. This allows for the rotation of a linearly polarized beamwith
negligible losses (see fig. S3).
In conclusion, we have experimentally demonstrated an electrically
tunable chiral metamaterial in which the transmission of the RCP wave
can be markedly modified by varying the applied voltage without
changing the transmission of the LCP. From the measurement, we val-
idated that the graphene CDZM achieves a high-intensity modulation o
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 depth of up to 99% for the RCP wave at a small gate voltage while
maintaining high transmission of the LCPwave up to 52%.As a result, a
large CD value of up to 45 dB was achieved. In practice, all fabricated
samples show a different performance from the designed one to a cer-
tain extent because of the imperfectness in fabrication process. There-
fore, adding the active control would help to precisely locate the
optimized operation point even after the sample is fabricated, while this
post-optimization process would be impossible with passive devices. In
addition, theoretical analysis based on the temporal CMT for two ports
verifies that this gigantic active CD is attributed to a phase transition
from an underdamped to an overdamped resonator by varying radia-
tion losses in the metasurface resonators. Our work also highlights that
a graphene CDZM structure can achieve an active modulation of the
polarization rotation angle up to 10°with very small ellipticity.Note that
the operating principles of graphene chiral metamaterials can be
extended to other frequency ranges, from microwave to mid-infrared.
In addition, because the designed CDZM structure is scalable, it can be
applied with other activematerials at microwave regime, such as diodes
or varactors, and phase-change materials at infrared frequencies, such
asVO2 orGe3Sb2Te6, by changing the unit cell size. Benefitting from the
electric control of polarization, the grapheneCDZMconceptmay lead to
various applications in THz technologies, such as an ultra-compact active
polarizationmodulator for telecommunications and imaging devices and
ultrasensitive sensors for identification of the chirality and structures of
macromolecules or biomolecules. o
n
 February 20, 2019
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Sample fabrication
For the realization of the CDZM, we used and combined three fabrica-
tion techniques—conventional microelectromechanical systems pro-
cess, CVD-grown graphene transfer, and ion gel transfer. First, to
forma flexible substrate, apolyimide solution (PI-2610,HDMicroSystems)
was spin-coated to a target thickness of 1 mm on a sacrificial silicon
wafer, and the polyimide solution was fully cured in a subsequent
two-step baking process in a convection oven and a furnace. As a first
double Zmetamaterial layer, a 100-nm-thick gold was deposited with a 10-
nm-thick chromium adhesion layer on a negative photoresist (AZ nLOF
2035, MicroChemicals), which was patterned by photolithography. After
the lift-off process, the first double Z metamaterial layer was defined. To
separate the second double Z metamaterial layer from the first layer, the
samepolyimide curingprocesswas repeatedbutwith adifferent thickness
of 10 mm. On top of a spacer, a second double Z metamaterial and a
square ring-shaped graphene electrode were defined following the
same process, which was used for the first layer. At the same time, a
side-gate electrode was used beside the graphene electrode to simplify
the fabrication process. This was a distinctive advantage based on the
high-capacitance ion gel dielectric. Second, a commercial CVD-grown
monolayer graphene on a copper film (Graphene Square) was
transferred to the entire area covering the seconddouble Zmetamaterial
(5 mm × 5 mm) and the surrounding graphene electrode. We used a
conventional wet-based transfer method using a thermal release tape as
a supporting layer. Third, as a gate dielectric, we used a 20-mm-thick ion
gel using the cut-and-stick method. The ion gel solution was prepared
by dissolving poly(vinylidene fluoride-co-hexafluoropropene) and
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide
in acetone with a weight ratio of 1:4:7. This solution was dried in a
vacuum oven at a temperature of 70°C for 24 hours. The cured ion
gel was cut with a razor blade and then transferred between two elec-Kim et al., Sci. Adv. 2017;3 : e1701377 29 September 2017trodes. Finally, the thin flexible graphene CDZMwas peeled off from
the silicon substrate and attached to a holed printed circuit board
substrate.
THz-TDS measurements
To generate broadband THz waves, we used a low temperature–grown
GaAs photoconductive antenna (iPCA, BATOP) as a THz emitter
illuminated by a femtosecond Ti:sapphire laser (Mai Tai, Spectra-
Physics) with a central wavelength of 800 nm and a repetition rate
of 80MHz. An electro-optic sampling method with a ZnTe crystal of
1-mm thickness was used to detect the transmitted THz signals in
the time domain. The THz-TDS system has a usable bandwidth of
0.1 to 2.0 THz. Because the signal from the THz antenna was linearly
polarized, the transmission amplitude for the linearly polarizedwaveswas
measured as txx, txy, tyx, and tyybyusing fourwire grid polarizers.Here, the
first subscript indicates the polarization (x or y) of the transmitted wave,
and the second subscript indicates the polarization of the incident wave.
From these transmission amplitudes calculated in a linear basis, the RCP
and LCP transmission amplitude, can be obtained as tRCP = {(txx+ tyy) +
i(txy + tyx)}/2 and tLCP = {(txx + tyy) − i(txy + tyx)}/2 (17).
Numerical modeling
Frequency-dependent material parameters (complex permittivity) of
gold and those of polyimide and ion gel at THz frequencies were exper-
imentally determined. The complex dielectric constants of gold for the
frequency range of interest (0.1 to 2.5 THz) can be fitted by using the
Drude model, with a plasma frequency of wp = 1.37 × 10
16 rad/s and a
collision frequency of g = 4.07 × 1013 rad/s. The optical conductivity of
graphene in the THz regime can be calculated as a function of EF using
the Kubo formula, which comprises only intraband contributions
sintraðwÞ ¼ e
2
pℏ2
i
wþ it1 ∫
∞
D dD 1þ
D2
D2
 
½ f ðD EFÞ þ f Dþ EFÞð
Here, f(D − EF) is the Fermi distribution function with Fermi energy EF,
G describes the broadening of the interband transitions, t is themomen-
tum relaxation time due to intraband carrier scattering, and D is a half-
bandgap energy from the tight-binding Hamiltonian near K points of
the Brillouin zone (48).SUPPLEMENTARY MATERIALS
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fig. S3. Transmission phase spectra.
note S1. Temporal CMT for two ports and two resonances.
table S1. Fitting parameters of temporal CMT.REFERENCES AND NOTES
1. E. Togan, Y. Chu, A. S. Trifonov, L. Jiang, J. Maze, L. Childress, M. V. G. Dutt, A. S. Sørensen,
P. R. Hemmer, A. S. Zibrov, M. D. Lukin, Quantum entanglement between an optical
photon and a solid-state spin qubit. Nature 466, 730–734 (2010).
2. C. Wagenknecht, C.-M. Li, A. Reingruber, X.-H. Bao, Experimental demonstration of a
heralded entanglement source. Nat. Photonics 4, 549–552 (2010).
3. R. Farshchi, M. Ramsteiner, J. Herfort, A. Tahraoui, H. T. Grahn, Optical communication
of spin information between light emitting diodes. Appl. Phys. Lett. 98, 162508
(2011).6 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L E
 o
n
 February 20, 2019
http://advances.sciencem
ag.org/
D
ow
nloaded from
 4. N. J. Greenfield, Using circular dichroism spectra to estimate protein secondary structure.
Nat. Protoc. 1, 2876–2890 (2007).
5. B. Ranjbar, P. Gill, Circular dichroism techniques: Biomolecular and nanostructural
analyses—A review. Chem. Biol. Drug Des. 74, 101–120 (2009).
6. D. L. Jaggard, A. R. Mickelson, C. H. Papas, On electromagnetic waves in chiral media.
Appl. Phys. 18, 211–216 (1979).
7. L. D. Barron, Molecular Light Scattering and Optical Activity (Cambridge Univ. Press, 2004).
8. S. S. Oh, O. Hess, Chiral metamaterials: Enhancement and control of optical activity
and circular dichroism. Nano Convergence 2, 24 (2015).
9. I. Tinoco, C. R. Cantor, Application of Optical Rotatory Dispersion and Circular Dichroism to
the Study of Biopolymers (John Wiley & Sons, 2006).
10. M. Decker, M. W. Klein, M. Wegener, S. Linden, Circular dichroism of planar chiral
magnetic metamaterials. Opt. Lett. 32, 856–858 (2007).
11. D.-H. Kwon, D. H. Werner, A. V. Kildishev, V. M. Shalaev, Material parameter retrieval
procedure for general bi-isotropic metamaterials and its application to optical chiral
negative-index metamaterial design. Opt. Express 16, 11822–11829 (2008).
12. S. V. Zhukovsky, A. V. Novitsky, V. M. Galynsky, Elliptical dichroism: Operating principle of
planar chiral metamaterials. Opt. Lett. 34, 1988–1990 (2009).
13. Y. Yu, Z. Yang, S. Li, M. Zhao, Higher extinction ratio circular polarizers with hetero-
structured double-helical metamaterials. Opt. Express 19, 10886–10894 (2011).
14. Y. Svirko, N. Zheludev, M. Osipov, Layered chiral metallic microstructures with inductive
coupling. Appl. Phys. Lett. 78, 498–500 (2001).
15. T. Vallius, K. Jefimovs, J. Turunen, P. Vahimaa, Y. Svirko, Optical activity in subwavelength-
period arrays of chiral metallic particles. Appl. Phys. Lett. 83, 234–236 (2003).
16. M. Kuwata-Gonokami, N. Saito, Y. Ino, M. Kauranen, K. Jefimovs, T. Vallius, J. Turunen,
Y. Svirko, Giant optical activity in quasi-two-dimensional planar nanostructures. Phys. Rev.
Lett. 95, 227401 (2005).
17. R. Zhao, L. Zhang, J. Zhou, T. Koschny, C. M. Soukoulis, Conjugated gammadion chiral
metamaterial with uniaxial optical activity and negative refractive index. Phys. Rev. B 83,
035105 (2011).
18. T.-T. Kim, S. S. Oh, H.-S. Park, R. Zhao, S.-H. Kim, W. Choi, B. Min, O. Hess, Optical activity
enhanced by strong inter-molecular coupling in planar chiral metamaterials. Sci. Rep.
4, 5864 (2014).
19. J. K. Gansel, M. Thiel, M. S. Rill, M. Decker, K. Bade, V. Saile, G. V. Freymann, S. Linden,
M. Wegener, Gold helix photonic metamaterial as broadband circular polarizer. Science
325, 1513–1515 (2009).
20. Y. Zhao, M. A. Belkin, A. Alù, Twisted optical metamaterials for planarized ultrathin
broadband circular polarizers. Nat. Commun. 3, 870 (2012).
21. C. Wu, H. Li, X. Yu, F. Li, H. Chen, C. T. Chan, Metallic helix array as a broadband wave
plate. Phys. Rev. Lett. 107, 177401 (2011).
22. B. Wang, J. Zhou, T. Koschny, M. Kafesaki, C. M. Soukoulis, Chiral metamaterials:
Simulations and experiments. J. Opt. A: Pure Appl. Opt. 11, 114003 (2009).
23. C.-H. Park, N. Bonini, T. Sohier, G. Samsonidze, B. Kozinsky, M. Calandra, F. Mauri,
N. Marzari, Electron–phonon interactions and the intrinsic electrical resistivity of
graphene. Nano Lett. 14, 1113–1119 (2014).
24. S. J. Kim, B. Born, M. Havenith, M. Gruebele, Real-time detection of protein–water
dynamics upon protein folding by terahertz absorption spectroscopy. Angew. Chem. Int.
Ed. 47, 6486–6489 (2008).
25. P. U. Jepsen, D. G. Cooke, M. Koch, Terahertz spectroscopy and imaging – Modern
techniques and applications. Laser Photonics Rev. 5, 124–166 (2011).
26. J. Xu, G. J. Ramian, J. F. Galan, P. G. Savvidis, A. M. Scopatz, R. R. Birge, S. J. Allen, K. W. Plaxco,
Terahertz circular dichroism spectroscopy: A potential approach to the in situ detection
of life’s metabolic and genetic machinery. Astrobiology 3, 489–504 (2003).
27. J.-H. Choi, M. Cho, Terahertz chiroptical spectroscopy of an a-helical polypeptide:
A molecular dynamics simulation study. J. Phys. Chem. B. 118, 12837–12843 (2014).
28. B. M. Fischer, M. Hoffmann, H. Helm, R. Wilk, F. Rutz, T. Kleine-Ostmann, M. Koch,
P. U. Jepsen, Terahertz time-domain spectroscopy and imaging of artificial RNA. Opt.
Express 13, 5205–5215 (2005).
29. S. Zhang, J. Zhou, Y.-S. Park, J. Rho, R. Singh, S. Nam, A. K. Azad, H.-T. Chen, X. Yin,
A. J. Taylor, X. Zhang, Photoinduced handedness switching in terahertz chiral
metamolecules. Nat. Commun. 3, 942 (2012).
30. J. Zhou, D. R. Chowdhury, R. Zhao, A. K. Azad, H.-T. Chen, C. M. Soukoulis, A. J. Taylor,
J. F. O’Hara, Terahertz chiral metamaterials with giant and dynamically tunable optical
activity. Phys. Rev. B 86, 035448 (2012).
31. N. Kanda, K. Konishi, M. Kuwata-Gonokami, All-photoinduced terahertz optical activity.
Opt. Lett. 39, 3274–3277 (2014).
32. S. H. Lee, M. Choi, T.-T. Kim, S. Lee, M. Liu, X. Yin, H. K. Choi, S. S. Lee, C.-G. Choi, S.-Y. Choi,
X. Zhang, B. Min, Switching terahertz waves with gate-controlled active graphene
metamaterials. Nat. Mater. 11, 936–941 (2012).
33. F. Valmorra, G. Scalari, C. Maissen, W. Fu, C. Schönenberger, J. W. Choi, H. G. Park, M. Beck,
J. Faist, Low-bias active control of terahertz waves by coupling large-area CVD graphene
to a terahertz metamaterial. Nano Lett. 13, 3193–3198 (2013).Kim et al., Sci. Adv. 2017;3 : e1701377 29 September 201734. W. Gao, J. Shu, K. Reichel, D. V. Nickel, X. He, G. Shi, R. Vajtai, P. M. Ajayan, J. Kono,
D. M. Mittleman, Q. Xu, High-contrast terahertz wave modulation by gated graphene
enhanced by extraordinary transmission through ring apertures. Nano Lett. 14,
1242–1248 (2014).
35. Z. Miao, Q. Wu, X. Li, Q. He, K. Ding, Z. An, Y. Zhang, L. Zhou, Widely tunable terahertz
phase modulation with gate-controlled graphene metasurfaces. Phys. Rev. X 5,
041027 (2015).
36. P. Q. Liu, I. J. Luxmoore, S. A. Mikhailov, N. A. Savostianova, F. Valmorra, J. Faist, G. R. Nash,
Highly tunable hybrid metamaterials employing split-ring resonators strongly coupled
to graphene surface plasmons. Nat. Commun. 6, 8969 (2015).
37. Y. Fan, N.-H. Shen, T. Koschny, C. M. Soukoulis, Tunable terahertz meta-surface with
graphene cut-wires. ACS Photonics 2, 151–156 (2015).
38. Q. Li, Z. Tian, X. Zhang, R. Singh, L. Du, J. Gu, J. Han, W. Zhang, Active graphene–silicon
hybrid diode for terahertz waves. Nat. Commun. 6, 7082 (2015).
39. X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen, R. D. Piner, L. Colombo, R. S. Ruoff,
Transfer of large-area graphene films for high-performance transparent conductive
electrodes. Nano Lett. 9, 4359–4363 (2009).
40. A. Pirkle, J. Chan, A. Venugopal, D. Hinojos, C. W. Magnuson, S. McDonnell, L. Colombo,
E. M. Vogel, R. S. Ruoff, R. M. Wallace, The effect of chemical residues on the physical
and electrical properties of chemical vapor deposited graphene transferred to SiO2. Appl.
Phys. Lett. 99, 122108 (2011).
41. V. P. Gusynin, S. G. Sharapov, J. Carbotte, AC conductivity of graphene: From tight-
binding model to 2 + 1-dimensional quantum electrodynamics. Int. J. Mod. Phys. B 21,
4611–4658 (2007).
42. S. Fan, W. Suh, J. D. Joannopoulos, Temporal coupled-mode theory for the Fano
resonance in optical resonators. J. Opt. Soc. Am. A 20, 569–572 (2003).
43. H. A. Haus, Waves and Fields in Optoelectronics (Prentice- Hall, 1984).
44. I. V. Lindell, A. H. Sihvola, S. A. Tretyakov, A. J. Viitanen, Electromagnetic Waves in Chiral
and Bi-Isotropic Media (ArtechHouse, 1994).
45. X. Yin, M. Schäferling, B. Metzger, H. Giessen, Interpreting chiral nanophotonic spectra:
The plasmonic Born–Kuhn model. Nano Lett. 13, 6238–6243 (2013).
46. V. W. Brar, M. S. Jang, M. Sherrott, J. J. Lopez, H. A. Atwater, Highly confined tunable
mid-infrared plasmonics in graphene nanoresonators. Nano Lett. 13, 2541–2547
(2013).
47. M. C. Sherrott, P. W. C. Hon, K. T. Fountaine, J. C. Garcia, S. M. Ponti, V. W. Brar,
L. A. Sweatlock, H. A. Atwater, Experimental demonstration of >230° phase modulation in
gate-tunable graphene–gold reconfigurable mid-infrared metasurfaces. Nano Lett. 17,
3027–3034 (2017).
48. R. Saito, G. Dresselhaus, M. S. Dresselhaus, Physical Properties of Carbon Nanotubes
(Imperial College Press, 1998).
Acknowledgments
Funding: This work was supported by the Marie-Curie International Incoming Fellowships
(ref. 626184), the European Research Council Consolidator Grant (TOPOLOGICAL), and
the Institute for Basic Science (IBS-R011-D1). S.Z. acknowledges support from Engineering
and Physical Sciences Research Council (EP/J018473/1), Royal Society and the Wolfson
Foundation, and Horizon 2020 Action, Project No. 734578 (D-SPA). H.-D.K., H.-S.P., and B.M.
acknowledge support from the Pioneer Research Center Program (2014M3C1A3052537),
the Quantum Metamaterials Research Center Program (no. 2015001948) through the National
Research Foundation of Korea grant funded by the Korean Government [Ministry of
Science, Information and Communication Technology, and Future Planning (MSIP)], and
the Center for Advanced Meta-Materials (CAMM) funded by the Korean Government (MSIP) as
a Global Frontier Project (CAMM-2014M3A6B3063709). S.S.O. and O.H. acknowledge
financial support from the Leverhulme Trust (RPG-2014-068). Author contributions: T.-T.K.,
S.S.O., B.M., and S.Z. conceived the original idea. H.-D.K. fabricated the graphene CDZM.
T.-T.K. and S.S.O. performed the numerical simulation. T.-T.K. performed THz-TDS measurement.
All authors analyzed the data and discussed the results. T.-T.K., S.S.O., H.-D.K., B.M., O.H., and
S.Z wrote the paper, and all authors provided feedback. Competing interests: The
authors declare that they have no competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Additional data related to this paper may be requested
from the authors.Submitted 28 April 2017
Accepted 11 September 2017
Published 29 September 2017
10.1126/sciadv.1701377
Citation: T.-T. Kim, S. S. Oh, H.-D. Kim, H. S. Park, O. Hess, B. Min, S. Zhang, Electrical access to
critical coupling of circularly polarized waves in graphene chiral metamaterials. Sci. Adv. 3,
e1701377 (2017).7 of 7
metamaterials
Electrical access to critical coupling of circularly polarized waves in graphene chiral
Teun-Teun Kim, Sang Soon Oh, Hyeon-Don Kim, Hyun Sung Park, Ortwin Hess, Bumki Min and Shuang Zhang
DOI: 10.1126/sciadv.1701377
 (9), e1701377.3Sci Adv 
ARTICLE TOOLS http://advances.sciencemag.org/content/3/9/e1701377
MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2017/09/25/3.9.e1701377.DC1
REFERENCES
http://advances.sciencemag.org/content/3/9/e1701377#BIBL
This article cites 43 articles, 1 of which you can access for free
PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions
Terms of ServiceUse of this article is subject to the 
registered trademark of AAAS.
is aScience Advances Association for the Advancement of Science. No claim to original U.S. Government Works. The title 
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 
 o
n
 February 20, 2019
http://advances.sciencem
ag.org/
D
ow
nloaded from
 
